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Abstract
The goal of tissue engineering is to repair and regenerate diseased and damaged tissues and organs with functional
and biocompatible materials that mimic native and original tissues which leads to maintaining and improvement of
tissue function. Lignin and cellulose are the most abundant polymers in nature and have many applications in industry.
Moreover, recently the physicochemical behaviors of lignin and cellulose, including biocompatibility, biodegradability,
and mechanical properties, have been used in diverse biological applications ranging from drug delivery to tissue
engineering. To assess these aims, this review gives an overview and comprehensive knowledge and highlights the
origin and applications of lignin and cellulose-derived scaffolds in different tissue engineering and other biological
applications. Finally, the challenges for future development using lignin and cellulose are also included. Plant-based
tissue engineering is a promising technology for progressing areas in biomedicine, regenerative medicine, and
nanomedicine, with much research focused on the development of newer material scaffolds with individual specific
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features to make functional and biocompatible tissues and organs for medical applications.
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Introduction

Tissue engineering for the first time in 1993, was defined
as “an interdisciplinary and modern science”. The goal
of tissue engineering is to repair and regenerate diseased
and damaged tissues and organs with functional and
biocompatible materials that mimic native and original
tissues which leads to maintaining and improvement of
tissue function (1, 2). Generally, tissue engineering aims
to prepare a “scaffold” or three-dimensional environment
cells to repair damaged tissues (3). Tissue engineering is
made up of three vital components that work together to
produce a successful structure, i. A biological scaffold that
temporarily mimics extracellular matrix (ECM), provides
a 3D structure for cell proliferation, differentiation, and
attachment, ii. A set of relevant cells (differentiated
cells and stem cells), and iii. Suitable signals include
chemical mediators (vitamins, hormones, growth factors,
amino acids, and cytokines), and physicochemical and
mechanical factors (4, 5).

Tissue engineering has continued to evolve as an exciting
and multidisciplinary field aiming to develop biological
substitutes to restore, replace or regenerate defective
tissues (6). Cells, scaffolds, and growth-stimulating
signals are generally referred to as the tissue engineering
triad, the key components of engineered tissues. Scaffolds,

typically made of polymeric biomaterials, provide the
structural support for cell attachment and subsequent
tissue development. However, researchers often encounter
a variety of choices when selecting scaffolds for tissue
engineering (7, 8).

Scaffolds are produced from diver’s biomaterials and
manufactured using various techniques and used in tissue
engineering to regenerate different tissues and organs in
the body (1). Regardless of tissue types, there are some
important criteria to determine the suitability of used
scaffold in tissue engineering such as: a. Biocompatibility:
the used tissue construct or scaffold must produce a
negligible immune reaction in order to prevent a severe
inflammatory response that would reduce repair or reject
the scaffold (9). b. Biodegradability: The scaffold or
tissue must be biodegradable to allow cells to develop
their ECM. The by-products of this process should also be
non-toxic and able to exit the body without affecting other
organs and cells (6, 10). c. Mechanical properties: The
suitable scaffold must have mechanical properties similar
to the anatomical site implanted in and, it should be strong
enough to allow handling during implantation. d. Scaffold
architecture: Scaffolds must have an interconnected pore
construct and high porosity to allow adequate diffusion
and penetration of nutrients to cells within the structure
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and the extra-cellular matrix formed by these cells.
Moreover, a porous interconnected construct is needed to
allow the disposal of waste and by-products of scaffold
degradation out of the scaffold without affecting other
tissue and cells (11).

Annually, approximately 50 million animals are killed
in research (12). Animal testing is extensively used for
in vitro analysis of organ engineering and pharmacologic
materials for regenerative medicine or transplantation (8,
13). Moreover, the source of animal-derived scaffolds are
often limited, unstable, or sometimes contaminated with
human pathogens. However, plant-based systems require
less energy and chemicals and are also not contaminated
with human pathogens (14, 15). In theory, cost-effective
and stable production of plant-based scaffolds are feasible
and appropriate for use in the biological application (14).

In recent decades, many studies have started to use
plant-based scaffolds to provide biomechanical and
structural scaffolds for regeneration of mammalian cells,
thus providing a way to use plant material to produce
large tissue grafts. Plant materials and tissues have
significant properties that make them very appropriate
for use as scaffolds, including high biocompatibility and
biodegradability, vast surface area, inexpensiveness,
preexisting vascular networks, appropriate mechanical
features, suitable pore size and large porosity (16). Plant
scaffolds are easily produced and manipulated in large
volumes due to their inexpensiveness and renewability.
Nevertheless, these materials must be analyzed in animal
models, and further studies are needed. Moreover, some
studies have suggested the toxicity of these structures
(17). Despite all these issues, nowadays many studies

Chavooshi et al.

are being conducted on the application of plant-based
scaffolds in tissue engineering, mentioned below.

Cellulose and lignin have many applications in industry,
including use in the production of biofuel, adsorbents,
fillers, dispersants, additives, and surfactants (18,
19). Moreover, recently, these biomaterials have been
considered by researchers. These researchers reported
that the intrinsic properties and discovery of the new
physicochemical and biological behavior of cellulose
and lignin and using them in various applications ranging
from tissue engineering, food science, drug delivery,
materials science, skin products, biofuel, energy and
catalysis (20-22). Therefore, the quantity of studies
conducted on the biological use of cellulose and lignin
is expanding rapidly (22, 23). Recently, due to the
significant properties of plant-based scaffold including
biocompatibility, reactivity, biodegradability, and other
biological and physicochemical properties, the use of
cellulose and lignin in biological applications including
tissue engineering, wound healing and drug delivery are
gaining considerable interest (19, 22, 24) (Fig.1).

Cellulose and lignin are widely studied and used
for tissue engineering due to high biodegradability,
biocompatibility, and non-cytotoxicity (25, 26). The
highly organized structure of cellulose and lignin can
endure biodegradation in the absence of lytic enzymes.
Due to their biocompatibility, water absorption and
retention capacity, chemo-mechanical properties, and
optical translucency, these biomaterials can play a
significant role in the cell and tissue replacement and
mimic the natural microenvironment of the human body,
hence supporting cell and tissue regeneration (27).
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Fig.1: A detailed scheme of sources, preparation methods, biological activities, different types of cellulose and lignin derived scaffold, and applications of

cellulose and lignin in tissue engineering (28).
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Cellulose and Lignin-Derived Scaffold in Tissue Engineering

This study presents an extensive insight into the
advances, challenges, and future vision in plant-derived
scaffolds: lignin, cellulose, and composite scaffolds,
with an overview of applications in tissue engineering,
drug delivery systems, and wound dressing. Despite
having a high potential for applications in different
fields, extensive use of lignin and cellulose is largely
limited to industrial applications, and less used for
medical and biological purposes. Due to this effort, this
review demonstrates the recent advance and insight into
the biomedical application of plant-based scaffolds.

Cellulose-derived scaffolds

Cellulose is the most prevalent polysaccharide in
nature. It can be extracted from numerous sources.
For example, the cell walls of plants, many species
of algae and bacteria, although tunicates, that are the
only animals containing cellulose led researchers to
discover new applications for cellulose (1, 5, 8, 29).
Due to its shapes and dimensions, and physical features,
cellulose exists in the diverse morphological forms of
fiber, nanofibril, and nanocrystalline (29, 30). These
different types of cellulosic particles are based on the
inherent variability between the sources of materials or
due to the conditions of processing and biosynthesis
that determine the dimension and geometry of
cellulose particles. These various cellulosic particles,
as scaffolds, make materials of diverse properties
and microstructures needed for different biological
applications (30, 31).

Lignin-derived scaffolds

Lignin is the second most abundant molecule in nature
and exists in the cell walls of vascular plants (32). Lignin is
a cross-linked polymer composed of phenylpropanes and
monolignols in different proportions among various plant
species. Annually, more than 80 million tons of lignin
derivate products are produced from the pulp industry;
however, only less than 3% of this amount has been used
for commercial application of adhesives, surfactants,
and dispersants for rubbers and plastics (32, 33). Recent
reports showed that lignin has high thermal stability,
durability, good biocompatibility, antibacterial, and the
potential of protecting cells from oxidative stress, making
it potentially appropriate for biomedical applications (21,
22). Moreover, lignin due to its phenolic hydroxyl groups,
which have a significant ability to eliminate free radicals
can act as an antioxidant (22, 34).

Because of the low viscosity and brittle of lignin, it can
hardly be used to make fibrous membranes. To overcome
this limitation, lignin polymers can be conjugated with
different polymers, including isopropyl acrylamide,
polyethylene glycol (PEG), lactic acid, cellulose, and
polypropylene (35). These copolymers can be readily
introduced into hydrogels, fibrous membranes, and
nanoparticles for biomedical usages, such as drug delivery,
wound healing, and tissue engineering (36).
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Application of cellulose and lignin-derived scaffold in
tissue engineering

Tissue engineering is an area of restorative
medicine that originated from the field of biomaterials
development. In general, tissue engineering improves,
repairs, and maintains the function of damaged organs
or tissues by combining biologically active molecules,
scaffolds and cells (37, 38). For example, in the treatment
of burn wounds, several treatment strategies have been
considered, which usually use crushed and whole skin
grafts (16, 39). Although this treatment option is available,
grafting carries the risk of organ or tissue rejection and
transmission of infection. Moreover, it requires additional
surgical processes making it difficult to find healthy donor
tissue. But tissue engineering provides a hopeful outlook
for patients with chronic and severe injuries (40). A tissue
or organ can be engineered using cells (stem cells are
made of tissue), scaffold (material that prepares support
for cells proliferation and growth), or mediators (such as
bioactive molecules including cytokines or growth factors
which lead to assemble the cells in the proper shape and
functioning). For instance, in clinical practices, the use of
human tissues or cells is strictly controlled by different
regulatory laws, while the use of scaffolding is free of
such rules and conditions (41).

Many bio-polymers, such as laminin, lignin, cellulose,
chitosan, fibronectin, polyethylene glycol, collagen,
polyurethane, and polycaprolactone are widely reported
as the biomaterial for scaffolding preparation (8).
Regardless of the type of tissue, several factors including
biodegradability, biocompatibility, scaffold architecture,
mechanical features, and construction technology
are critical when designing the scaffold suitable for
application in tissue engineering (16). In engineered
tissues, the scaffolds imitate the ECM in natural tissues.
Some important methods for processing the scaffold
are listed below: embedding cell-seeded acellularized
allograft or xenograft ECM, implantation of cell-seeded
pre-made porous scaffolds, injecting cell-encapsulated
self-assembled hydrogels and insert multilayer cell sheets
with the secreted ECM (6, 16). Moreover, self-assembly
methods such as Langmuir-the Blodgett approach for
electro-spinning and preparation have been used for
vascular and bone tissue scaffold assembly (6).

Huge groups of biomaterials, including ceramics,
and synthetic and natural polymers are used for the
preparation of tissue engineering scaffolds (42). Natural
polymers such as plant carbohydrates or animal proteins,
despite biocompatibility and chemical signals, can act
as key elements in shaping cell behavior. In this regard,
their efficiency is limited due to rapid biodegradability
and poor mechanical properties (16). However, these
disadvantages can be overcome by combining natural
biopolymers with biocompatible synthetic polymers or by
crosslinking methods with suitable cross-linkers, which
may create an appropriate framework for applications
of tissue engineering (42) Plants-based biopolymers



consisted of plant proteins and polysaccharides including
gluten, cellulose, lignin, and pectin which are routinely
surveyed for biological applications (16, 43).

The synthetic, autologous, and animal-derived grafts
currently applied as scaffolds for tissue engineering have
limitations due to their scarcity, expensive nature, and low
biocompatibility (44).

Application in Bone tissue

High mineralization and biocompatibility are critical for
the scaffold formation in the restoration and treatment of the
damaged bone (45). Solubility, high safety, renewability,
and high biocompatibility are the reasons for using plant-
based scaffolds such as cellulose and lignin in bone tissue
engineering. Due to significant mechanical and biological
strengths, including biodegradability and biocompatibility,
cellulose and lignin have been intensively investigated
for tissue engineering and treatment of damaged organs
as safe and natural materials (46). The configuration of
the 3D porous structure of cellulose and lignin scaffolds
using freeze-drying assay and applying nontoxic solvent
such as glycerol for the modification and preparation of
reactant confirmed adhesion to this compound. By using
these methods, the average tissue pore size was reduced,
which significantly improved the compressive structure
of the bone (47). In total, the results of studies conducted
on the biological activity of the cellulose and lignin
scaffolds have shown drug release, degradability, and
biocompatible characteristics of these materials (48).

Application in skin tissue

The skin is the biggest organ of the body and is the first
defensive line of the body against external factors such as
toxic and mutagenic substances or microbial pathogens.
Any injury to the skin following any chemical, electrical
or thermal stimulant leads to skin complications and in
unfavorable cases may lead to chronic and non-healing
injuries (28, 49). Existing treatment methods and skin
grafting assays show improper and delayed healing.
Nowadays, tissue engineering provides a hopeful solution
because it mimics natural systems in morphology, thus
promoting an effective recovery process. This assay
allows 3D cell proliferation and growth, as well as
supports the production of growth factors required for cell
differentiation and proper migration of skin cells (50).
Cellulose and lignin-derived scaffolds are proper for tissue
engineering as biodegradable, biocompatible, and non-
toxic, and they can be configured to develop multipurpose
structures with a natural matrix-like morphology (51).

The high potential of cellulose and lignin-derived
membranous scaffolds is extremely surveyed to find their
tissue engineering capabilities. For example, a study
was conducted on a lignin film made of titanium dioxide
nanoparticles having functional and structural regenerative
properties (28). The membrane scaffold has good
crystallinity and mechanical and flexible specifications.
Furthermore, these membranes showed antimicrobial
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activities against diverse microbial pathogens. Application
of lignin scaffold on mouse fibroblast showed fast growth,
decreased apoptosis, and oxidative stress (26). Moreover,
protein expression analysis showed, that fibroblast-
associated biomarkers are involved in cell survival and
growth at the membrane surface (52). The addition of
glycerol caused long-term stability to the scaffold while
an antimicrobial substance acted against microbial
growth. The in vitro dermal fibroblast culture method
showed increased proliferation of cells on the scaffold.
The results showed that prepared lignin and cellulose
scaffold can be used as an antimicrobial coating system to
treat skin damage (53).

In vitro analysis of the scaffold showed suitable
physicochemical and antibacterial properties against
tested microbes which are shown to have an inhibitory
ability against both gram-positive and gram-negative
bacteria. Furthermore, lignin and cellulose scaffolds lead
to effective modulation of cell proliferation. Therefore,
plant-derived scaffold membranes have wound-healing
and antimicrobial properties (16, 21). Hence, the
biocompatibility analysis approved the tested scaffold,
with no side effects on normal dermal fibroblast cells, and
also, induced the growth and adherence of the cultured
cells (54). Although, biocompatible cellulose and lignin-
based scaffold membranes were prepared. The laboratory
evidence revealed that cellulose and lignin-based scaffold
materials can acts as suitable and effective modulators of
the healing cells and. because of their antibacterial ability
they can be a hopeful candidate for membrane production
for skin tissue engineering (25).

Application in muscle tissue

Cellulose and lignin-derived scaffolds used in muscle
tissue engineering are safe, cost-beneficial, and eco-
friendly auxiliaries and solvents, which lead to the
enhancement of biological mechanical, biodegradation
and biocompatibility properties of muscle tissue (16, 17,
44). Muscle tissue engineering is the use of scaffolds and
cells for the treatment and healing of damaged muscles
with urgent elements to develop functional scaffolds such
as natural muscles being able to contract. Proper methods
such as plant-based plant-based techniques are required
to produce scaffolds which are natural compounds or
biomaterials, such as ECM, to produce muscle organs
and tissues (55). Mimicking the fibrous conductivity
and structure of the ECM for the electrical distribution
of cardiac and skeletal myocytes should be sufficient for
various muscle bio-actuators and scaffolds. Myocytes have
electroactivity specifications and can respond to electrical
signals. Hence, to simulate myocardial-based materials,
we must contain ECM like nanofibrous structures and
conductivity to allow electrical transmission (56). It is
urgent to have flexible and electrically conductive safe
materials to produce the elastic scaffolds and arrangement
of the cell distribution while scaffolding treatment. To
overcome these problems, various new degradable and
conductive lignin-derived biopolymers with elastomeric
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properties were produced by the mentioned method have a
high capability for the regeneration or treatment of elastic
tissues for cardiac muscle, skeletal muscle, and nerve (57).

Application in neural tissue

Neural tissue engineering is an assay to eliminate fibrosis
and inflammation after the implantation of material into
the nervous tissue and system. The emergence of neural
tissue engineering due to the difficulty of producing neural
cells and tissues, after a neural injury is necessary (58).
Schwann cell myelination is critical for nerve cells and the
preparation of tissues and materials that can be produced
from Schwann cells as tissues. Application of cellulose
and lignin-derived scaffolds to regenerate Schwann
cells myelin gene expression and neurotrophin secretion
are examples of tissue engineering in nervous tissue
engineering. Results of studies on inducing neurotrophin
secretion from Schwann cells showed that electroactive
and biodegradable cellulose and lignin-derived scaffolds
had great potential for nervous tissue engineering (16,
58). A safe and biocompatible system for Schwann cells
generating, is an example of the healing of peripheral
nerve injuries. For instance, the application of cellulose
and lignin-derived scaffolds for repairing the damaged
sciatic nerves in rats showed that the produced scaffold
can repair the sciatic nerve lining to preserve the nerve,
restore axons, myelination and conduction in the target
muscle (58).

Other applications of cellulose and lignin-derived
scaffold

Wound healing

Wound dressings are permeable barriers to moisture
and oxygen, which are not only crucial to the healing
processes, but also protect the wound against further
damage such as the risk of infection (59). Lignin and
cellulose biopolymers, because of their remarkable
properties, have been applied in wound dressings.
They cover the skin around the wound, provide proper
moisture in the wound, prevent the formation of microbial
biofilms, remove dead spaces, cleanse the injured tissues,
eliminate pain, and tissues and control bad odors (60,
61). Biopolymer hydrogel dressings are widely used due
to their potential to hold closeness and moisture to the
ECM, leading to wound healing induction. Nowadays,
cellulose and lignin nanoparticles have been investigated
to be used as suitable materials for wound healing, due to
their high surface-to-volume ratio that can increase cell
proliferation, migration, and attachment. The application
of cellulose and lignin nanoparticles in wound treatment
and healing was recently reported in several studies (61,
62). Cellulose and lignin nanoparticles, in combination
with antimicrobial agents (tetracycline and mupirocin)
were used to produce bioactive wound dressing to inhibit
the colonization of bacteria, especially Staphylococcus
aureus and Escherichia coli (62). The controlled release
of drugs in wound dressings permitted the healing process
in burn victims to be completed within 10-16 days (61).
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Medical implants

Medical implants are designed and conducted to
replace an injured structure or organ inside the body to
be able to perform the normal function of that organ for
example, hip replacement. Traditionally, materials such
as synthetic polymers, ceramics, and metals have been
applied for medical implants. Although these materials
work suitably as implants, they immunogenic and
inflammatory (63). Biopolymers such as cellulose and
lignin have the capability to solve these issues as they are
non-immunogenic, biocompatible, and biodegradable.
Cellulose and lignin nanoparticles have shown hopeful
results for medical implants and non-biodegradable
implants with appropriate shapes and mechanical
properties. Cellulose and lignin have antimicrobial
properties and could be applied as antimicrobial coatings
on other implants, such as catheters, which leads to a
decrease in the colonization of bacteria on these devices.
As aresult, it reduces infections caused by this equipment.
Moreover, hemicellulose-based hydrogels were recovered
from pulping of eucalyptus and N-isopropyl acrylamide
obtained via UV photo-crosslinking showed a hopeful
result for application as a safe and suitable material for
medical usage (25, 63).

Drug delivery

Drug delivery systems are applied to obtain a higher
dosage of a drug or other compound in a particular
diseased site. Application of biopolymers such as
cellulose and lignin in drug delivery systems have
higher biocompatibility, biodegradability, and lower
immunogenicity in comparison with synthetic peers.
Biopolymers, such as lignin and cellulose can be easily
converted into suspensions that act as vehicles for the
delivery of drug molecules (64, 65). Lignin has been
applied as a matrix producer for continuous drug delivery
and as a film for the rapid release of low-soluble drugs.
Moreover, in the study conducted on the controlled
release of drugs to achieve wound healing dressings made
of cellulose and lignin nanoparticles, the drug delivery
potential of these materials have been reported. In total,
this material shows good results in drug delivery and
wound healing applications (64, 66).

Conclusion

Tissue engineering is a promising technology for
progressing areas in biomedicine, regenerative medicine,
and nano medicine, with much research focused on the
development of newer material scaffolds with individual
specific features to make functional and biocompatible
tissues and organs for medical applications. It appears that
cellulose and lignin-derived scaffolds are new-generation
biomolecules that have eco-efficiency, cost-effectiveness,
biodegradable and low immunogenicity properties which
can be efficient in tissue engineering and other medical
applications. In addition, creating complex vascular-like
structural scaffolds is critical for transforming cell culture
from simple assemblies to functional tissues. Sourcing



cellulose and lignin from plant tissues can reduce the
cost and simplify the scaffold producing process. Despite
all the above advantages in using cellulose and lignin-
derived scaffold, due to lack of clinical trials results, the
application of these biomaterials in various applications
is limited. To overcome the barrier among the research
and applications of the sustainable valorization of these
material, more studies are required to be carried out
in the future due to elucidate their construct, reaction
mechanisms and interactions with body microbiota.

Acknowledgments

The authors are grateful to office of vice-chancellor for
Research of Tabriz University of Medical Sciences for the
support of the current study. There is no financial support
and conflict of interest in this study.

Authors’ Contributions

R.Ch.,, M.R.R., B.H., L.R.; Contributed to the study
conception and design, material preparation, data
collection and analysis performed by R.Ch. and L.R. The
first draft of the manuscript was written by R.Ch., M.R.R.
B.H.; Commented on previous versions of the manuscript.
All authors read and approved the final manuscript.

References

1. Jakab K, Norotte C, Marga F, Murphy K, Vunjak-Novakovic G, For-
gacs G. Tissue engineering by self-assembly and bio-printing of
living cells. Biofabrication. 2010; 2(2): 022001.

2. Ghorbani M, Roshangar L, Soleimani Rad J. Development of rein-
forced chitosan/pectin scaffold by using the cellulose nanocrystals
as nanofillers: an injectable hydrogel for tissue engineering. Eur
Polym J. 2020; 130: 109697.

3. Matai |, Kaur G, Seyedsalehi A, McClinton A, Laurencin CT. Pro-
gress in 3D bioprinting technology for tissue/organ regenerative
engineering. Biomaterials. 2020; 226: 119536.

4. EltomA, Zhong G, Muhammad A. Scaffold techniques and designs
in tissue engineering functions and purposes: a review. Adv Mater
Sci Eng. 2019; 2019: 1-13.

5. Dhandayuthapani B, Yoshida Y, Maekawa T, Kumar DS. Polymeric
scaffolds in tissue engineering application: a review. Int J Polym
Sci. 2011; 2011: 1-19.

6. O’brien FJ. Biomaterials and scaffolds for tissue engineering. Ma-
terialstoday. 2011; 14(3): 88-95.

7. Mallick KK, Cox SC. Biomaterial scaffolds for tissue engineering.
Front Biosci (Elite Ed). 2013; 5(1): 341-360.

8. Bilirgen AC, Toker M, Odabas S, Yetisen AK, Garipcan B, Tasoglu
S. Plant-based scaffolds in tissue engineering. ACS Biomater Sci
Eng. 2021; 7(3): 926-938.

9. Naahidi S, Jafari M, Logan M, Wang Y, Yuan Y, Bae H, et al. Bio-

compatibility of hydrogel-based scaffolds for tissue engineering ap-

plications. Biotechnol Adv. 2017; 35(5): 530-544.

Nezhad-Mokhtari P, Ghorbani M, Roshangar L, Soleimani Rad J. A

review on the construction of hydrogel scaffolds by various chemi-

cally techniques for tissue engineering. Eur Polym J. 2019; 117:

64-76.

Gurumurthy B, Janorkar AV. Improvements in mechanical proper-

ties of collagen-based scaffolds for tissue engineering. Curr Opin

Biomed Eng. 2021; 17: 100253.

National Research Council, 2010. Guide for the care and use of

laboratory animals.

Jahanbani Y, Shafiee S, Davaran S, Roshangar L, Ahmadian E,

Eftekhari A, et al. Stem cells technology as a platform for generat-

ing reproductive system organoids and treatment of infertility-relat-

ed diseases. Cell Biol Int. 2022; 46(4): 512-522.

Peng CA, Kozubowski L, Marcotte WR Jr. Advances in plant-de-

rived scaffold proteins. Front Plant Sci. 2020; 11: 122.

Chinta ML, Velidandi A, Pabbathi NPP, Dahariya S, Parcha SR.

10.

1.

12.

13.

14.

15.

163

16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Chavooshi et al.

Assessment of properties, applications and limitations of scaffolds
based on cellulose and its derivatives for cartilage tissue engineer-
ing: a review. Int J Biol Macromol. 2021; 175: 495-515.

Iravani S, Varma RS. Plants and plant-based polymers as scaffolds
for tissue engineering. Green Chem. 2019; 21(18): 4839-4867.
Indurkar A, Pandit A, Dandekar P, Jain R. Plant-based biomaterials
in tissue engineering. Bioprinting. 2021; 21: e00127.

Ludmila H, Michal J, Andrea 3, Ale$ H. Lignin, potential products
and their market value. Wood Res. 2015; 60(6): 973-986.

Gupta PK, Raghunath SS, Prasanna DV, Venkat P, Shree V,
Chithananthan C, et al. An update on overview of cellulose,
its structure and applications. In: Pascual AR, Martin MEE, edi-
tors. Cellulose. Available from: http://dx.doi.org/10.5772/intecho-
pen.84727 (18 Dec 2019).

Wsoo MA, Shahir S, Mohd Bohari SP, Nayan NHM, Razak SIA. A
review on the properties of electrospun cellulose acetate and its
application in drug delivery systems: a new perspective. Carbohydr
Res. 2020; 491: 107978.

Liu R, Dai L, Xu C, Wang K, Zheng C, Si C. Lignin-based micro-
and nanomaterials and their composites in biomedical applica-
tions. ChemSusChem. 2020; 13(17): 4266-4283.

Spiridon I. Biological and pharmaceutical applications of lignin and
its derivatives: a mini-review. Cellulose Chem Technol. 2018; 52(7-
8): 543-550.

Roshangar L, Rad JS, Kheirjou R, Khosroshahi AF. Using 3D-bi-
oprinting scaffold loaded with adipose-derived stem cells to burns
wound healing. J Tissue Eng Regen Med. 2021; 15(6): 546-555.
Li YY, Wang B, Ma MG, Wang B. Review of recent development on
preparation, properties, and applications of cellulose-based func-
tional materials. Int J Polym Sci. 2018; 2018: 1-18.

Carrion CC, Nasrollahzadeh M, Sajjadi M, Jaleh B, Soufi GJ, Ira-
vani S. Lignin, lipid, protein, hyaluronic acid, starch, cellulose, gum,
pectin, alginate and chitosan-based nanomaterials for cancer nan-
otherapy: challenges and opportunities. Int J Biol Macromol. 2021;
178: 193-228.

Khalil HPSA, Jummaat F, Yahya EB, Olaiya NG, Adnan AS, Ab-
dat M, et al. A Review on micro- to nanocellulose biopolymer scaf-
fold forming for tissue engineering applications. Polymers (Basel).
2020; 12(9): 2043.

Unni R, Varghese R, Bharat Dalvi Y, Augustine R, MS L, Kumar
Bhaskaran Nair H, et al. Characterization and in vitro biocompat-
ibility analysis of nanocellulose scaffold for tissue engineering ap-
plication. J Polym Res. 2022; 29(8): 358.

Madni A, Kousar R, Naeem N, Wahid F. Recent advancements in
applications of chitosan-based biomaterials for skin tissue engi-
neering. J Bioresour Bioprod. 2021; 6(1): 11-25.

Hickey RJ, Pelling AE. Cellulose Biomaterials for tissue engineer-
ing. Front Bioeng Biotechnol. 2019; 7: 45.

Dugan JM, Gough JE, Eichhorn SJ. Bacterial cellulose scaffolds
and cellulose nanowhiskers for tissue engineering. Nanomedicine
(Lond). 2013; 8(2): 287-298.

Mohite BV, Patil SV. A novel biomaterial: bacterial cellulose and its
new era applications. Biotechnol Appl Biochem. 2014; 61(2): 101-
110.

Duval A, Lawoko M. A review on lignin-based polymeric, micro-and
nano-structured materials. React Funct Polym. 2014; 85: 78-96.
Chio C, Sain M, Qin W. Lignin utilization: a review of lignin depo-
lymerization from various aspects. Renewable Sustainable Energy
Rev. 2019; 107: 232-249.

Beckham GT, Johnson CW, Karp EM, Salvachua D, Vardon DR.
Opportunities and challenges in biological lignin valorization. Curr
Opin Biotechnol. 2016; 42: 40-53.

Liang R, Zhao J, Li B, Cai P, Loh XJ, Xu C, et al. Implantable and
degradable antioxidant poly(e-caprolactone)-lignin nanofiber mem-
brane for effective osteoarthritis treatment. Biomaterials. 2020;
230: 119601.

Cai MH, Chen XY, Fu LQ, Du WL, Yang X, Mou XZ, et al. Design
and development of hybrid hydrogels for biomedical applications:
recent trends in anticancer drug delivery and tissue engineering.
Front Bioeng Biotechnol. 2021; 9: 630943.

Mahendiran B, Muthusamy S, Selvakumar R, Rajeswaran N, Sam-
path S, Jaisankar SN, et al. Decellularized natural 3D cellulose
scaffold derived from Borassus flabellifer (Linn.) as extracellular
matrix for tissue engineering applications. Carbohydr Polym. 2021;
272: 118494,

Subia B, Kundu J, Kundu SC. Biomaterial scaffold fabrication tech-
niques for potential tissue engineering applications. Tissue Eng.
2010; 141: 13-18.

Chouhan D, Dey N, Bhardwaj N, Mandal BB. Emerging and inno-

Cell J, Vol 25, No 3, March 2023


https://www.sciencedirect.com/journal/european-polymer-journal
https://www.researchgate.net/journal/Journal-of-Polymer-Research-1572-8935

Cellulose and Lignin-Derived Scaffold in Tissue Engineering

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

vative approaches for wound healing and skin regeneration: current
status and advances. Biomaterials. 2019; 216: 119267.

Fishman JA. Infection in Organ transplantation. Am J Transplant.
2017; 17(4): 856-879.

de Isla N, Huseltein C, Jessel N, Pinzano A, Decot V, Magdalou J,
et al. Introduction to tissue engineering and application for cartilage
engineering. Biomed Mater Eng. 2010; 20(3): 127-133.

Stock UA, Vacanti JP. Tissue engineering: current state and pros-
pects. Annu Rev Med. 2001; 52: 443-451.

Ige OO, Umoru LE, Aribo S. Natural products: a minefield of bioma-
terials. Int Sch Res Notices. 2012; 2012: 983062.

Orlando G, Baptista P, Birchall M, De Coppi P, Farney A, Guima-
raes-Souza NK, et al. Regenerative medicine as applied to solid
organ transplantation: current status and future challenges. Transpl
Int. 2011; 24(3): 223-232.

Zhang Y, Liu X, Zeng L, Zhang J, Zuo J, Zou J, et al. Polymer fiber
scaffolds for bone and cartilage tissue engineering. Adv Funct Ma-
ter. 2019; 29(36): 1903279.

Alzagameem A, Khaldi-Hansen BE, Kamm B, Schulze M. Lignocel-
lulosic biomass for energy, biofuels, biomaterials, and chemicals.
Springer; 2018: 95-132.

Klemm D, Kramer F, Moritz S, Lindstrom T, Ankerfors M, Gray D, et
al. Nanocelluloses: a new family of nature-based materials. Angew
Chem Int Ed Engl. 2011; 50(24): 5438-5466.

de Oliveira Barud HG, da Silva RR, da Silva Barud H, Tercjak A,
Gutierrez J, Lustri WR, et al. A multipurpose natural and renew-
able polymer in medical applications: bacterial cellulose. Carbohydr
Polym. 2016; 153: 406-420.

Safari B, Aghanejad A, Kadkhoda J, Aghazade M, Roshangar L,
Davaran S. Biofunctional phosphorylated magnetic scaffold for
bone tissue engineering. Colloids Surf B Biointerfaces. 2022; 211:
112284.

Nour S, Imani R, Chaudhry GR, Sharifi AM. Skin wound healing as-
sisted by angiogenic targeted tissue engineering: A comprehensive
review of bioengineered approaches. J Biomed Mater Res A. 2021;
109(4): 453-478.

Bedian L, Villalba-Rodriguez AM, Hernandez-Vargas G, Parra-Sal-
divar R, Igbal HM. Bio-based materials with novel characteristics
for tissue engineering applications - a review. Int J Biol Macromol.
2017; 98: 837-846.

Behera SS, Das U, Kumar A, Bissoyi A, Singh AK. Chitosan/
TiO2 composite membrane improves proliferation and survival of
L929 fibroblast cells: application in wound dressing and skin regen-
eration. Int J Biol Macromol. 2017; 98: 329-340.

Liu W, Du H, Zhang M, Liu K, Liu H, Xie H, et al. Bacterial cellulose-
based composite scaffolds for biomedical applications: a review.
ACS Sustainable Chem Eng. 2020; 8(20): 7536-7562.

Cell J, Vol 25, No 3, March 2023

164

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Talikowska M, Fu X, Lisak G. Application of conducting polymers
to wound care and skin tissue engineering: a review. Biosens Bio-
electron. 2019; 135: 50-63.

Machingal MA, Corona BT, Walters TJ, Kesireddy V, Koval CN,
Dannahower A, et al. A tissue-engineered muscle repair construct
for functional restoration of an irrecoverable muscle injury in a mu-
rine model. Tissue Eng Part A. 2011; 17(17-18): 2291-2303.

Dvir T, Timko BP, Kohane DS, Langer R. Nanotechnological strate-
gies for engineering complex tissues. Nat Nanotechnol. 2011; 6(1):
13-22.

Jahangirian H, Lemraski EG, Rafiee-Moghaddam R, Webster TJ.
A review of using green chemistry methods for biomaterials in tis-
sue engineering. Int J Nanomedicine. 2018; 13: 5953-5969.
Schmidt CE, Leach JB. Neural tissue engineering: strategies for
repair and regeneration. Annu Rev Biomed Eng. 2003; 5: 293-347.
Diaz-Gomez L, Gonzalez-Prada |, Millan R, Da Silva-Candal A,
Bugallo-Casal A, Campos F, et al. 3D printed carboxymethyl cel-
lulose scaffolds for autologous growth factors delivery in wound
healing. Carbohydr Polym. 2022; 278: 118924.
Eivazzadeh-Keihan R, Moghim Aliabadi HA, Radinekiyan F, Sob-
hani M, Khalili F, Maleki A, et al. Investigation of the biological ac-
tivity, mechanical properties and wound healing application of a
novel scaffold based on lignin-agarose hydrogel and silk fibroin
embedded zinc chromite nanoparticles. RSC Adv. 2021; 11(29):
17914-17923.

Abdullah T, Gauthaman K, Mostafavi A, Alshahrie A, Salah N,
Morganti P, et al. Sustainable drug release from polycaprolactone
coated chitin-lignin gel fibrous scaffolds. Sci Rep. 2020; 10(1):
20428.

Kucinska-Lipka J, Gubanska |, Janik HZ. Bacterial cellulose in the
field of wound healing and regenerative medicine of skin: recent
trends and future prospectives. Polym Bull. 2015; 72(9): 2399-
2419.

Terzioglu P, Parin FN, Sicak Y. Lignin composites for biomedical
applications: status, challenges and perspectives. Lignin: Spring-
er; 2020: 253-273.

Kumar R, Butreddy A, Kommineni N, Reddy PG, Bunekar N,
Sarkar C, et al. Lignin: drug/gene delivery and tissue engineering
applications. Int J Nanomedicine. 2021; 16: 2419-2441.

Safari B, Aghanejad A, Roshangar L, Davaran S. Osteogenic ef-
fects of the bioactive small molecules and minerals in the scaf-
fold-based bone tissue engineering. Colloids Surf B Biointerfaces.
2021; 198:111462.

Ullah H, Santos HA, Khan T. Applications of bacterial cellulose in
food, cosmetics and drug delivery. Cellulose. 2016; 23(4): 2291-
2314.




	_Hlk108108695
	_Hlk124678934
	_Hlk124679137
	_ENREF_28
	_Hlk125523017
	_Hlk125379912
	_Hlk126321428
	_Hlk103260270
	_Hlk125520254
	_Hlk103203767
	_Hlk103201869
	_Hlk103204351
	_Hlk118399872
	_Hlk119487487
	_Hlk125850008
	_Hlk125854622
	_Hlk71992646
	_Hlk71622547
	_Hlk90208942
	_Hlk90208927
	_Hlk113937893
	_Hlk71496691
	_Hlk113938156
	_Hlk62829199
	_Hlk113936907
	_Hlk113938359
	_Hlk61998735
	_Hlk61800828
	_Hlk90209080
	_Hlk71497915
	_Hlk90209127
	_Hlk90209155
	_Hlk62821747
	_Hlk113935366
	_Hlk113938676
	_Hlk61021928
	_Hlk113940621
	_Hlk90209244
	_Hlk71499099
	_Hlk113935794
	_Hlk114092215
	_Hlk125974773
	_Hlk96594622
	_Hlk96595900
	_Hlk96607439
	_Hlk96607391
	_Hlk125974680
	_Hlk96609411
	_Hlk96609476
	_Hlk96610275
	_Hlk96609970
	_Hlk96610224
	_Hlk96629208
	_Hlk96610534
	_Hlk96637294
	_Hlk96610710
	_Hlk94215386
	_Hlk96549360
	_Hlk96681118
	_Hlk111550424
	_Hlk93529940
	_Hlk96637145
	_Hlk96775809
	_Hlk118111852
	_Hlk94217230
	_Hlk94216857
	_Hlk97975608
	_Hlk96704465
	_Hlk116552051
	_Hlk96784489
	_Hlk113010676
	_Hlk126059695
	_Hlk122686960
	_Hlk122687472
	_Hlk106610248
	_Hlk121320166
	_Hlk121321050
	_Hlk124671886
	_Hlk124675826
	_Hlk124340265
	_Hlk121320854
	_Hlk121321177
	_Hlk121320992
	_Hlk124340368
	_Hlk124335697
	_Hlk126050651
	_Hlk124340485
	_Hlk124340560
	_Hlk124340610
	_Hlk124672969
	_Hlk121320672
	_Hlk124335521
	_Hlk121321244
	_Hlk124675381

